There are numerous strategies available to design and construct a low energy or nearly zero energy building (NZEB). However, the design strategy for a building depends on a high number of factors including location, climate, cost, available resources, etc. For instance, for countries like Ireland, which have a temperate oceanic climate, a key to achieving NZEB is a high thermal and air tightness performance of the building envelope, installing highly efficient space and water heating systems, and utilising renewable technologies for energy and heat generation. The challenge is to find the best combination of design strategies that would tackle the energy performance problems of a particular building. For example, is it better to design a super-insulated building with minimum heating requirements, or provide less insulation but install a large amount of renewable energy sources? This paper presents the outcomes of a number of case study buildings in Ireland, which focus on the life cycle cost and environmental analysis (using energy and global warming potential as indicators) of NZEBs using various heat sources, such as a gas boiler, biomass boiler, a domestic gas fired combined heat and power unit, heat pump and renewable technology. With the de-carbonisation and increased efficiency of the electricity grid, the low global warming potential (GWP) emissions of biomass fuels and the depletion of fossil fuels, future buildings should be (i) designed and constructed to be super-insulated with high air-tightness performance, minimum heating requirements and (ii) operate with heating systems that have a low impact on the natural environment, such as a biomass boiler or heat pump. 
Introduction
The Paris Agreement (2015) contains a pledge from 195 countries to hold global temperatures to a maximum rise of 1.5ºC above pre-industrial levels [1] . As the building sector accounts for about 40% of the world's energy consumption and approximately a third of greenhouse gas (GHG) emissions [2] , reducing the energy consumption and GHG emissions associated with buildings is key to meeting the pledge made in the Paris Agreement. The European Union (EU) has focused on reducing the impact of buildings on the natural environment through several directives and roadmaps for its member states [3] [4] [5] [6] . One of the main requirements brought by the EU in the Energy Performance of Buildings Directive (EPBD) [4] was the introduction of nearly zero energy buildings (NZEB). A NZEB is a building with a very high energy performance. Starting from the end of 2020, all new buildings or those receiving significant retrofit must show a very high energy performance [4] . Similarly, this is a requirement for all public buildings from the end of 2018 [4] . The nearly zero or very low amount of energy required by NZEB should be produced, to a very significant extent, from renewable sources, including those onsite or nearby.
In order to achieve the energy reduction targets posed by the EU and achieve the NZEB standards, the majority of efforts focus on reducing the operational energy (OE) in buildings. This reduction in OE often requires an investment of materials into the building that can lead to an increase in the embodied energy (EE) impact of the building life cycle energy [7, 8] . However, this is not always the case. The authors found in a previous study that if designed with a focus on achieving a high thermal and air tightness, a building with an embodied energy intensity less than a building that achieves compliance with 2011 Irish building energy performance regulations can achieve a NZEB standard [9] . As building life cycle assessments are becoming more common, engineers and architects must begin to quantify and reduce the impact of building materials on the natural environment.
The objective of this paper is to determine (for buildings in a temperate oceanic climate, such as Ireland) if it is better to design a NZEB to be a super-insulated building with minimum heating requirements, or to provide less insulation but install a large amount of renewable energy sources. This will be achieved by presenting the outcomes of a number of case study buildings in Ireland, which focus on the life cycle cost and environmental analysis (using two categories, life cycle energy and life cycle global warming potential) of NZEBs with various heat sources, such as a gas boiler, biomass boiler, gas-fired combined heat and power, heat pump and renewable technology. These case studies will be assessed using two different methodologies to determine the best solutions.
Please cite: Moran, P., Goggins The first is the comparative framework methodology which is mandatory in all EU member states for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements. The second is a methodology that incorporates the commonly known three pillars of sustainability: environmental, social and economic. In the analyses of both methods, account will be taken of (i) varying discount rates, (ii) future de-carbonisation and improved efficiency of the electricity grid and (iii) future energy prices. However, firstly a brief synopsis of environmental LCA studies of residential buildings available in the literature will be presented.
Environmental LCA Studies
There are numerous strategies available to design and construct a low energy or NZEB. However, the design strategy for a building depends on a high number of factors including location, climate, cost, available resources, etc. Since the design solution has a big impact on the environmental and economic life cycle of buildings, it is important to assess the effectiveness of those solutions in a comprehensive manner.
The life cycle assessment (LCA) is starting to be recognised as an important support method in the design of buildings. Table 1 summarises a broad range of published environmental LCA studies, in terms of the building type, location, climatic zone, heating system, installed renewable technologies, and the impact those aspects have on the building's operational energy (OE) and operational global warming potential (OC) . Global warming potential (GWP) is a relative measure of how much heat a GHG traps in the atmosphere [32] . The OE in Table 1 accounts for the HVAC, hot water, lighting, appliance usage etc. depending on the individual study. The energy with regards to the maintenance, repair, replacement and refurbishment of materials during the operational phase is not included in the values given in Table 1 .
Of the 25 reviewed studies, only three monitored the whole house energy consumption of the case study buildings [18, 24, 31] , three simulated space heating [7, 15, 16] , four simulated whole house energy consumption including appliances [11, [26] [27] [28] , seven simulated whole house energy consumption including appliances from multiple simulation/statistical sources [13, 19, 20, 22, 23, 25, 30] , one simulated whole house energy consumption from multiple simulation/statistical sources without accounting for hot water requirements [14] , four simulated whole house energy consumption but did not explicitly state they accounted for appliances in electricity usage [8, 10, 12, 29] and three simulated whole house energy consumption excluding appliances [9, 17, 21] .
Please cite: Moran, P., Goggins The contribution of EE to the overall energy consumption can be as low as 0% according to a case study on hypothetical building models in Finland [25] . In this study, 90% of the materials were assumed to be recycled at the end of the case study buildings life cycle and used for a secondary application. The results showed that for light weight timber and cross laminated buildings, more energy was saved in the recycling of materials and their secondary application than was initially invested into the buildings. Therefore, only the cradle to grave results were considered in this paper and this was applied to all case studies with a cradle to cradle system boundary for consistency in Table 1 . Also, as the biogenic carbon content of wood was not used in the analysis of the case studies in this paper, the impact of biogenic carbon content assessed in the reviewed papers in Table 1 has been removed from the results shown.
The climatic regions are divided into five climate zones (A to E) with buildings in Zone A typically requiring high cooling and low heating needs and buildings in Zone E typically requiring low cooling and high heating needs.
The criteria for each zone is based on the amount of heating degree days (HDD) and cooling degree days (CDD) experienced at the location [33] . HDD and CDD are a measure of how much (°Celsius) and for how long (days) outside air temperature was lower or higher than the base temperature. Using information gathered from an online degree day database [34] and taking 18°C as the base temperature for all climate types, climate zones were assigned to each of the case study locations.
Reviewed LCA studies concerned buildings with heating systems based on gas [7, 9, 14, 17, 19, [21] [22] [23] 30] , electricity [8, 11, 13, 15, 16, 22, 30] , ground and air source heat pumps [7, 8, 11, 18, 19, 21, 24, [26] [27] [28] , district heating [12, [25] [26] [27] 29, 31] and renewable technologies [8, 9, 11, 12, [17] [18] [19] 24, 28] .
Multiple studies on low energy and passive buildings are available in the literature [8, 9, [11] [12] [13] 16, 18, 19, 21, 24, 25, 27, 28, 31] . Their annual operational energy and GWP usage ranged from -167 MJ/m , respectively. Single residential building studies designed to latest building regulations or passive house standards generally had a lower operational energy (OE) contribution to their whole life cycle energy usage. Two notable exceptions were found in buildings constructed in Norway [8] and Sweden [31] . The minimum net energy demand requirement of residential buildings constructed to 2010
Norwegian Building Standards had an upper limit of 120 kWh/m 
5
This was less onerous than the minimum requirements in the 2007 Irish Building Regulations [36] and would only achieve a Building Energy Rating (BER) of B3 in Ireland, which has a primary energy usage of between 125 and 150 kWh/m 2 /year [37] . The BER assessment system was established due to the requirements of EPBD 2002 [3] .
The BER in Ireland rates the energy performance of buildings on a simple 15-level scale of A1 (most efficient with ≤ 25 kWh/m 2 /year of primary energy usage) to G (least efficient with > 450 kWh/m 2 /year of primary energy usage). It is based on the characteristics of the building and is not dependent on the behaviour of the occupants [37] . The OE of the residential building constructed in Sweden was based on the results of the OE of two passive buildings monitored for a year [38] . The measured OE of the houses was found to be 27.5% to 32.4% higher than estimated, due to the behaviour of the inhabitants.
Among the other reviewed literature (Table 1) , only three monitored the OE of the building [18, 24, 31] . The case study in Ref. [18] was a net-energy exporter residence which underestimated its predicted energy consumption by 14.4% [18] , albeit it had the smallest OE and OC impact of the reviewed literature. This house was a net energy exporter as it produced more energy on-site than it imported from external sources due to a large amount of renewable technology installed. The space and water heating system of this house was based on an electric heat pump combined with mechanical ventilation, 6 m In cold climates (e.g. Scandinavian countries), heating systems installed in the reviewed studies included electrical [8, 11, [26] [27] [28] or district heating [12, [25] [26] [27] 31] combined with mechanical ventilation and heat recovery (MVHR).
In the UK studies [14, 20] , gas heating systems were used due to the availability of this resource. Gas has been the main source of fuel for domestic space and water heating in the UK, accounting for 84% and 80% of the energy consumption, respectively [20] . As different space and water heating strategies suit buildings at different geographical locations, it is important to assess the impact of different heating systems on the energy and GWP emission life cycle usage and production (together with their economic feasibility), in order to achieve a NZEB standard. Among the reviewed studies (Table 1) , only one had investigated the impact different fuel source heating strategies had on the life cycle energy and GWP usage of the building [8] . However, the economic feasibility of the design solutions was not evaluated.
The EPBD recast [4] requires member states to use a comparative framework methodology for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements. This methodology [39] has been used to determine the cost optimal energy performance levels for Irish residential [40] and is used in this study to determine the optimal solution which offered the minimum life cycle cost for energy performance levels.
The comparative framework methodology for calculating cost optimal levels of minimum energy performance only considers two indicators; energy and cost. Numerous tools have been developed, and are in operation across Europe, that use multiple indicators to evaluate the sustainability of a building, such as the Home Quality Mark (HQM) [41] , DNGB Certificate System [42] , Leading the Environment for Sustainable Construction (LiderA) [42] , Sustainability Assessment Tool (SBTool) [42] and the High Quality Environmental Standard (HQE) [42] .
Each tool has varying types of indicators. Each of the tools indicators can be grouped under, what are commonly considered, the three pillars of sustainability: environment, social and economic. Other research has used the three pillars of sustainability to rank how green a material is (see, for example, [43] ).
The objective of this paper is to determine, for buildings in a temperate oceanic climate, such as Ireland, if it is better to design a NZEB to be a super-insulated building with minimum heating requirements, or to provide less insulation but install a large amount of renewable energy sources. The proposed case studies will be assessed using two different methodologies to determine the best solutions. The first is the comparative framework methodology which is mandatory in all EU member states for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements [39] . The second is a methodology that incorporates the commonly known three pillars of sustainability: environmental, social and economic. In the analyses of both methods, account will be taken of (i) varying discount rates, (ii) future de-carbonisation and improved efficiency of the electricity grid and (iii) future energy prices.
Methodology
The case study of NZEB dwellings presented in this paper demonstrate the future impact that the residential built environment may have on life cycle energy, GWP emissions and monetary cost. NZEBs are predicted to be economically viable to the Irish public at a BER of 'A2' [37, 44] . The economic affordability of reaching a more efficient BER is deemed, in general, to be unviable according to Irish government evidence [44] . In this paper, residential dwellings are designed to achieve a rating of A2.
Please cite: Moran, P., Goggins Utilising a standardised approach [45, 46] , environmental and economic LCA is conducted on various building designs, stressing the impact of different design strategies over an entire building's life cycle. The life cycle stages evaluated are identified according to the modularity principle of a building life cycle [47] .
Material Production Stage (Module A1-A3)
Primary energy consumption and GWP emissions during the material production stage of all materials/components (excluding appliances, fixtures and fittings) in the construction of the case study buildings are assessed using the Inventory for Carbon and Energy (ICE) V.2.0 [48] . This stage is also known as a cradle to gate system boundary.
Embodied energy (EE) and embodied carbon (EC) are values which represent the energy consumed by, and emissions caused by extracting, processing and manufacturing of materials. EC considers the global warming potential (GWP) of various greenhouse gas emissions based on the relative amounts of heat trapped in the atmosphere by greenhouse gas. These calculations can be expressed mathematically as:
where
is density, E i (MJ/kg) is EE intensity and C i (kgCO 2e /kg) is EC intensity of material i. EC is taken as the greenhouse emissions released and is measured in CO 2 equivalents (CO 2 eq), found by multiplying the mass of the greenhouse gases by their associated 100-year global warming potential [32] .
Spon Construction Price Book [49] is utilised for the economic evaluation of the net construction costs (NCC) of the components in the case study buildings. The NCC accounts for the labour, plant and material economic costs of the components in the case study buildings. Economic construction costs are updated to current values using relevant consumer price indices [50] and do not include Value Added Tax (VAT). If EE, EC and economic construction values are unobtainable from the ICE database [48] and Spons Construction Price Book [49] , data is sourced from other available databases and literature, as noted in the relevant sections of the paper.
Use Stage: Building Operation (Module B6)
Operational primary energy, GWP and economic cost of the case study buildings are estimated using the Dwelling Energy Assessment Procedure (DEAP) [51] , together with current energy prices [52] . The DEAP methodology is years is taken as the life span of a residential building in Ireland. OE and EC are values which represent the primary energy consumed and GWP emissions generated during the operational phase of the building. This accounts for the energy consumed and GWP gases generated for the lighting, ventilation, central and water heating purposes. Due to the limitations of DEAP [51] , the energy consumed and GWP emissions generated by building appliances (e.g. kitchen appliances, laundry equipment, TVs, etc.) is not accounted for. Of the reviewed studies in Table 1 , four simulated whole house energy consumption, including appliances [11, [26] [27] [28] , and seven simulated whole house energy consumption, including appliances from multiple simulation/statistical sources [13, 19, 20, 22, 23, 25, 30] , to assess the impact of building appliances in their case study buildings operational energy usage and GWP impact. Thus seven of the studies use other sources for estimating gaps in their simulations of whole building energy consumption. Estimations have been made on the impact building appliances have on the end use of Ireland's residential electricity consumption [53] by SEAI (Sustainable Energy Authority of Ireland).
However, the accuracy of these estimations were questioned in the report and were thus, not used in combination with the DEAP software in the analysis of this paper. In this study, the OE and OC can be expressed mathematically as:
where PE i (MJ prim /MJ del ) is the primary energy conversion factor of fuel type j in year i of the building lifespan Y, 
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Tax (VAT). Standing charges, which are a combination of the fixed charges associated with providing electricity and gas network services and a share of the supply costs in servicing a costumer's account, are not included in the estimation of operational energy costs. These charges are applied at a fixed rate per day to a customer's account.
Using the total values of EE, OE, EC, OC, NCC and operational economic costs (OEC), life cycle energy, GWP emissions and economic costs of the case study buildings are evaluated.
Life Cycle Cost Optimal
The EPBD recast [4] requires member states to use a comparative framework methodology for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements. This methodology has been used to determine the cost optimal energy performance levels for Irish residential nZEBs [40] and is used in this study to determine the cost optimal solution. However, the EE of the materials invested into a building is accounted for in the current study despite not being required as part of the comparative framework methodology set out by the EPBD. The life cycle cost part of this methodology can be expressed mathematically as:
where LCC is the life cycle cost, Y is the lifespan of the building (60 years), NCC is the net construction cost or initial investment costs (€), OEC i (j) is the annual cost during year i for heating system j, V f,Y (j) is the residual value of heating system j at the end of the building lifespan, C c,i (j) is the carbon cost during year i for heating system j based on the sum of the annual OC emissions and R d (i) which is the discount factor for year i based on discount rate r which is determined using:
where t is the number of years from the starting period and r means the real discount rate. As the environmental life cycle stages in this study accounts for the materials production (module A1-A3) and building operation (module B6) of a building, the cost associated with maintaining/repairing a building (module B2-B5) and recycling/selling/disposing of materials/systems (module C1-C4) are not considered in the LCC analysis.
In this analysis, a discount rate (4%) and cost per tonne of carbon produced by a building are assumed to be that used to determine the cost optimal NZEB energy performance standards for residential buildings in Ireland [40] . 
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As the analysis in the study for determining the NZEB energy performance standards is for 30 years, the cost per tonne of carbon in the final year of their analysis is assumed to remain constant for the remaining 30 years of this study. The energy prices for the different fuel types are the same as described in section 3.2.
Sustainability Index Factor
The comparative framework methodology for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements only considers two indicators; energy and cost. In this paper, it is examined whether there is a need to start moving away from using the cost optimal energy performance method, which incorporates only energy and cost as indicators, to a method that incorporates the 3 pillars of sustainability which are commonly known as economic, social and environment. The methodology used in this paper is termed the Sustainability Index Factor (SIF) and can be expressed mathematically as: (7) where a, b and c are weighting factors; k is (a,b,c); ECO n is the economic impact of case study n; SOC n is the social impact of case study n; and ENV n is the environmental impact of case study n and can be expressed 
where eco m,n is the impact of economic category m for case study n, soc m,n is the impact of social category m for case study n, env m,n is the impact of environmental category m for case study n, w m is the weighting applied for each category depending on the categories importance, q is the number of categories evaluated in each of the economic, social and environmental indicators and p is the number of case studies evaluated. The sum of the weightings for each category must add up to one. As can be seen from Equation (7), each of the three indicators for the SIF can be given a different weighting depending on the importance each of the three indicators.
This SIF methodology can be used for assessing the SIF impact of a set of buildings which are representative of a countries national building stock for a number of economic, social and environmental categories. 
Sensitivity Analysis
The life cycle cost optimal and SIF results are influenced by the assumptions made with regards to the discount rate, energy prices and efficiency of the electricity grid. A baseline 4% discount rate is assumed in addition to the static energy prices and electricity grid efficiency for the lifespan of the building. Therefore, a sensitivity analysis is carried out to see what influence the assumptions made in terms of the discount rate, energy prices and efficiency of the electricity grid have on the results.
Discount rate
The discount rate effects the annual energy costs of the buildings in this papers analysis. Therefore, an analysis is done to determine the impact a varying discount rate has on the annual energy costs using the present value of annuity (PVA) formula which can be shown mathematically as:
where OEC i is the annual operational energy cost (€/year), r is the discount rate (%) and Y is the number of years in the building's life cycle (taken here as 60 years).
The impact of a varying discount rate on the equivalent annual cost (EAC) of constructing and operating the building over its lifespan is also assessed. The EAC can be expressed mathematically as:
where NCC is the net construction cost (€), OEC i is the operational energy cost per annum (€/year), r is the discount rate (%) and Y is the number of years (taken here as 60 years).
Energy Costs
For the baseline analysis, the energy prices are assumed to remain constant for the lifespan of the buildings. In reality, throughout a buildings 60-year lifespan, energy prices are not going to remain constant and may have a significant impact on the hierarchy of the case studies' life cycle economic costs. Therefore, a sensitivity analysis is carried out using projected future energy costs. 
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This study predicts future energy prices, based on the average annual growth rate of electricity and gas prices from 2007 to 2015 and from 2005 to 2015 for wood pellet prices [52] . Future energy prices are predicted assuming an annual growth rate of 3.27%, 2.62% and 3.79% for electricity, gas and wood pellets, respectively. Prices for exporting electricity back onto the national electricity grid are assumed to remain at 2.5 c/MJ, in both the static and dynamic pricing scenarios [54] .
Decarbonising and increasing efficiency of electricity generation
For the baseline analysis, the efficiency of the electricity grid and its GWP intensity is assumed to remain constant for the buildings life cycle. However, the electricity grid is expected to become more decarbonised as we move into the future. Therefore, a sensitivity analysis is carried out to determine what impact an electricity grid becoming more decarbonised and efficient has on the results.
The impact of a national electricity mix on a buildings' environmental life cycle impact had been highlighted in the reviewed case studies of [8, 21] in Table 1 , but only one had considered the impact of future grid decarbonisation [28] . This study took an average yearly carbon impact of an EU electricity grid assuming the grid would become decarbonised by reaching the 90% carbon reductions target of 2050 [28] . Other non-environmental life cycle assessment publications examining future decarbonisation of the electricity grid have used published reports projecting the source of electricity generation up to 2020, 2030, 2050 and 2070 to estimate the carbon impact of the electricity grid [55] [56] [57] [58] [59] [60] .
A similar approach is used in the analysis of this paper. To predict the impact decarbonising of electricity generation in Ireland would have on the life cycle GWP emissions of the case study buildings, the 'Energy Forecasts for Ireland to 2020, 2011 Report' [61] was utilised. In this report, the Economic and Social Research Institute's Irish Dispatch of Electricity Model (IDEM) model was used to produce the electricity sector projections. IDEM is a least-cost economic dispatch model that optimises the electricity system on a half-hourly basis to meet demand in that period of time. This economic dispatch is based on the various characteristics of generation unit. A more in-depth discussion of this model is contained in [62] . The total amount of fuel inputs for electricity generation remains static over the period from 2010 to 2020. Electricity generation is predicted to increase by 15% over this period, due to an increase in domestic demand and exports. On the other hand, an increase in the efficiency of electricity generation means less fuel will be required to meet electricity demand.
Please cite: Moran, P., Goggins [64] , the predicted shift from natural gas to renewable sources of energy for electricity generation (i.e. 62% to 43% and 8% to 28% of fuel share, respectively, from 2010 to 2020), increase in fuel share of coal (18% to 21%) and slight decrease in fuel share of peat (10% to 9%) lead to an 18.8% reduction in global warming potential (measured by CO 2e ) of electricity generation from primary fuel inputs over the period 2010 to 2020 (Table 2) .
Taking account of change in fuel source and improved system efficiencies, the average annual growth rates of GWP emissions intensity and primary energy factor of electricity generation from 2010 to 2020 are estimated to decrease by approximately 4.2% and 2.3% annually, respectively ( Table 2) . At this rate, it would take until 2065 to decarbonise electricity generation by 90% from the 2010 levels and approximately 100 years to reduce GWP emissions intensity of electricity generation to approximately zero.
These forecasts depend on, not only the fuel mix for electricity generation, but the demand side as well. Published data on the fuel mix of electricity generation in Ireland in 2014 [65] showed that the total primary fuel demand Due to this demand reduction, the amount of renewables accounting for the electricity fuel mix was not as high as predicted for 2016 and caused the average annual reduction rate to decrease to 3.5%, assuming the same fuel mix and demand would be required in 2020. However, with the small reduction in the annual reduction rate and the emphasis on countries to work towards a decarbonised grid, the reduction rates of 4.2% and 2.3% are used in the analysis presented in this papers. For the case studies which exported electricity to the grid, the GWP savings are assumed to have the same GWP intensity of the electricity grid for that given year, based on an annual reduction of 4.2% in the GWP intensity of the electricity grid. Other studies have suggested using the same GWP intensity as the electricity grid initially, before plateauing due to the GWP intensity of the marginal power plant supplier. Eventually the GWP intensity of the electricity supply would start declining again due to the increasing decarbonisation of the electricity fuel supply [66] . This would have minimal impact on the total GWP results of the case studies as the GWP intensity would reach the same intensity at some point in the future in these scenarios. Therefore, the exported electricity is assumed to have the same GWP intensity as the electricity grid. The same assumption is made with regards to the electricity primary energy factor.
The GWP and primary energy savings made through the installation of renewable technology vary throughout the year. The savings made by the ETSCs and MCPVs depend mainly on the varying energy demands of the case study buildings throughout the year, the varying energy production levels caused mainly by the levels of global radiation in Ireland throughout the year, and the GWP and primary energy factor for the main grid electricity generation during the year.
Combing the total CO 2 emissions and energy demand of the electricity grid (sourced from Eirgrid [67] , the company that manages and operates the transmission grid across the island of Ireland), the GWP impact of the 
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global radiation for the different months of the year does not significantly affect the GWP intensity of the electricity grid in Ireland, as PV is a very small contributor of electricity supplied to the grid (i.e. < 0.001% as of 2013) [69] . Comparing the use of average yearly and monthly factors in determining both the GWP and operational energy of the case study buildings, it was found that the largest percentage difference was less than 5%. As this was minimal, an average yearly GWP and primary energy factor for the electricity grid is assumed for the remainder of the paper, as outlined in Section 3.2. Please cite: Moran, P., Goggins 
Case study buildings
A south orientated residential semi-detached two storey masonry house (106 m 2 heated floor area) with features typical to Irish residential construction practice [70] was chosen as the case study design template (Error! Reference source not found.). Eight different versions of this semi-detached house were investigated with two different building fabrics, airtightness and ventilation strategies employed. Case studies one to four achieved the expected NZEB standard in terms of their BER [44] , while also adhering to current Irish residential building regulation requirements for building fabric, airtightness and ventilation [71, 72] . Natural ventilation (i.e. trickle and purge ventilation) was used in the living room and bedrooms. Kitchen, bathrooms and utility room were mainly ventilated with the help of mechanical extract fans with an extract rate of 10 m Case studies five to eight complied with passive house building fabric, air-tightness and ventilation standards in order to achieve a NZEB status [73] . Table 3 summarises the differences in the case study buildings in terms of building fabric, airtightness and ventilation method. Refer to [9] for more details on the building elements used in the construction of the case study buildings. A breakdown of the embodied intensities of the materials used for the construction of case study buildings and their source is given in Appendix A. ETSC's were used in tandem with the main heating system for the generation of hot water for domestic purposes.
MCPV panels were used to generate electricity for the pumps, ventilation and lighting requirements of the case study buildings. However, the case study buildings with a building fabric adhering to the current building regulations (i.e. case studies 1 to 4) required a significant amount of additional capacity from the MCPV renewable energy system to achieve a BER of A2, which is the minimum rating expected for a NZEB new-build in Ireland (see Error! Reference source not found.). The use of domestic appliances was not accounted for due to the limitations of DEAP [51] . The MCPV system allowed generated electricity not consumed by the case study buildings to be exported back to the electricity grid.
Error! Reference source not found. summarises the differences in the case study buildings in terms of space and water heating systems, system efficiency and renewable energy technology employed. Energy and global warming potential (GWP) intensity values, together with economic costs, for the space and water heating systems, renewable technologies and ventilation methods were sourced from Refs. [49, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . The EE and EC of the wood stove was not accounted for in the analysis. 
Life cycle energy, GWP and cost
In the life cycle analysis (LCA) and life cycle costing (LCC) presented in this section, it was assumed that emissions and efficiency, associated with production of electricity supplied through the mains grid, would remain constant over the lifetime of the building. In addition, static pricing of energy was assumed over the lifetime of the building. There was a significant amount of uncertainty associated with these variables and so the effects of changes to these variables on determining the rank order of case study buildings, in terms of their environmental and economic impacts over their lifetime, were investigated in Sections 4.4. Furthermore, the results presented in this section did not account for the time value of money, which was also considered in Section 4.4.
Error! Reference source not found.(a)-(c) demonstrate the estimated EE, OE, EC, OC, net construction and
operational costs of each of the case studies analysed. In terms of EE, super-insulated houses (case studies 5-8) outperformed those with a high level of renewables installed (case studies 1-4). The design with the lowest EE impact was the super insulated house with a heat pump as the main source of heating (case study 8). The design with the highest EE impact was the house using biomass and a large amount of renewables as the main source of heating (case study 2), in addition to having the fourth highest net construction costs. On the other hand, this strategy had the lowest operational cost of all the strategies due to its large installation of renewables. In fact, due to the large amount of MCPV installed, this design exported electricity into the grid. With consumers currently being offered 2.5 c/MJ to export electricity into the grid in Ireland [54] , this house generated 124 €/yr. Case studies 1 and 3 were also exporters of electricity. In spite of having a very high efficiency heating system and large installation of renewable energy sources, case study 4 had the second highest operational costs, due to the current high cost per MJ of electricity for domestic customers, compared to gas and wood pellets in Ireland [84] .
A similar pattern followed for EC, whereby the houses designed to be super-insulated outperformed those with a large installation of renewables. The two houses designed using a biomass boiler (case study 2 and 6) had the lowest OC impact of all the eight designs, due to the low GWP impact of wood pellets. Furthermore, due to the house with a biomass boiler (case study 6) during the operational stage. This was 22% of the total amount that case study 6 produced over its lifespan. For the case studies which exported electricity to the grid, the GWP savings were assumed to have the same GWP intensity of the electricity grid for the lifespan of the building (0.145 kgCO 2 /MJ). In this analysis, the exported electricity was considered avoiding electricity generation. Thus, the GWP and primary energy usage was reduced accordingly and included as part of the use stage of the case study buildings life cycle assessment (Module B6). Due to the GWP savings associated with the large amount of renewables installed on case studies 1-4, in terms of OC, the NZEBs designed to have a large amount of renewables outperforms those which are designed to be super-insulated. Figure 5 demonstrates the life cycle costs vs life cycle energy of each of the analysed case studies. The design with the lowest life cycle cost was the building with gas as the main source of heating and a large amount of renewables installed (case study 1). The cost optimal in terms of energy performance was the building designed to be super-insulated with gas as its main heating source (case study 5). Even though case study 8 and 4 had the most efficient heating systems employed (i.e. lowest net secondary energy), the high cost of electricity used by the heat pump resulted in case study 8 and 4 being among the highest of the case studies in terms of life cycle costs. The cost of gas was higher than wood pellets, but the efficiency of the gas boiler was greater than that of the biomass boiler (Error! Reference source not found.) resulting in case study 5 being the optimal solution.
Life cycle cost optimal
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Sustainability Index Factor
Three of the top four designs in terms of both life cycle GWP emissions and life cycle economic cost focused their design on having a large amount of renewables installed (see Table 5 ). Three of the top four designs in terms of life cycle energy focused their design on having a super insulated building (see Table 5 ). Therefore, each case study had its strengths and weaknesses in terms of (i) life cycle cost, (ii) life cycle energy and (iii) life cycle GWP emissions. Thus, using the SIF as described in section 3.4, each of the case studies were evaluated based on the economic and environmental categories evaluated in this study. No social categories were evaluated in this papers analysis.
The economic category (life cycle cost) was giving a weighing of one with each of the environmental categories given a weighting of 0.5. Both the economic and environmental indicator were each given a weighting of one.
The indicators were averaged for each case study to give them a SIF as shown in Table 5 . The case study with the lowest SIF was case study 2. Based on the cost optimal methodology, case 5 is the best solution. However, when using the SIF, which considered only one more category for evaluating the optimal solution, case study 5 was the 5 th best design. This was primarily caused by the impact case study 5 had in terms of life cycle GWP. Life cycle GWP experienced the largest variability of the three categories evaluated. This was due to the large variability in the GWP impact of fuel sources [51] in addition to the GWP savings associated with case study 1-3 which were Please cite: Moran, P., Goggins 
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exporters of electricity to the grid due to their large installation of MCPV. For the case studies which exported electricity to the grid, the GWP savings were assumed to have the same GWP intensity of the electricity grid 
Sensitivity analysis
The life cycle cost optimal and SIF results were influenced by the assumptions made with regards to the discount rate, energy prices and efficiency of the electricity grid. Therefore, a sensitivity analysis is carried out to see what influence the assumptions made in terms of the discount rate, energy prices and efficiency of the electricity grid have on the results.
Decarbonising and increasing efficiency of electricity generation
A rate of -4.2% and -2.3% was used for the average annual growth rate of GWP emissions intensity and primary energy factor for electricity consumption in the case study buildings over their full life cycle of 60 years. The resulting impact on life cycle GWP emissions is given in Figure 6 and life cycle primary energy usage given in Figure 7 . Decarbonising the electricity grid and its increasing efficiency had a significant impact on the hierarchy of case studies life cycle GWP emissions and primary energy usage.
Case studies 4 and 8 had the highest GWP emissions, assuming a static GWP intensity of electricity generation. (Figure 6 ). The annual reduction caused a reduction in life cycle GWP of 32 % and 37% in both case studies 4 and 8.
Even though the case study using a biomass boiler as the main heating system with a large amount of renewables (case study 2) still outperformed its super-insulated counterpart (case study 6), the design focusing on the use of renewables (case study 2) had a life cycle GWP emission impact only 17% less than case study 6. This was compared to 59% using a static GWP intensity factor. For all other case studies, the super-insulated designs outperformed their large renewable energy counterparts due to the minimising impact of the MCPV installation. 
GWP emissions
Apart from the case studies using a CHP as the main heating system, the super-insulated designs outperformed their large renewable energy counterparts, assuming a static electricity grid efficiency throughout the buildings' lifespan. Accounting for increasing efficiency of the electricity grid, all the super-insulated designs outperformed their large renewable energy counterparts.
Case studies 1, 2 and 3 were all electricity exporters to the grid. Due to the diminishing savings of the MCPV in terms of GWP and primary energy caused by the decarbonisation and improved efficiency of the electricity grid, all these case studies had a larger life cycle GWP impact and primary energy usage compared to their static GWP electricity grid intensity and efficiency scenarios. In fact, as the primary energy factor for the electricity grid improved due to improved generation efficiencies, the impact of exporting electricity to the grid from on-site electricity generation reduced. This meant that case studies 1, 2 and 3 did not achieve the required A2 BER rating, in order to be considered a NZEB building when annualising their life cycle primary energy usages. They achieved an A3 rating instead, which would meet the current Irish building energy regulation requirements [71] . Of course, this assumed that the efficiency of the onsite generation was constant over the life of the building. The rating of case study 8 improved to an A1, which was required to use less than 90MJ/m 2 /year. All other case studies remained an A2 rated dwelling.
Discount rate
In the case studies' cost optimal results presented in this paper (Figure 5 ), the discount rate of 4% was assumed which effected the operating costs of the building. An analysis was done to determine the impact a varying discount rate had on the annual energy costs using the present value of annuity (PVA) formula, with the results given in Figure 8 . For all discount rates, a building designed with gas boiler as its main heating system, with a large amount of renewable technology (case study 1) and super-insulated (case study 5) had the lowest and second lowest total life cycle cost, respectively. Figure 8 : Relationship between the total life cycle cost and nominal discount rates for the investigated case study houses. Figure 9 shows the equivalent annual cost (EAC) of constructing and operating the case study buildings at various discount rates, where the operation costs are based on primary energy usage only. As seen in Figure 9 , similar to the PVA results, a building designed with gas boiler as its main heating system with a large amount of renewable technology (case study 1) and super-insulated (case study 5) had the lowest and second lowest EAC, respectively.
Energy Costs
For the operational costs given previously (Error! Reference source not found.(c), Figure 5 , Figure 8 and Figure   9 ), energy prices were assumed to remain constant throughout the buildings' lifespan. Table 6 compares the life cycle cost (LCC) of the eight case studies, based on a constant energy price (static pricing) and 0% discount rate, to that accounting for annual increases in energy price using the average annual growth rate in fuel energy prices (dynamic pricing). Prices for exporting electricity back onto the national electricity grid were assumed to remain at 2.5 c/MJ, in both the static and dynamic pricing scenarios [54] . Figure 5 ) where three of the top four case studies (case study 1, 2 and 3) focused on having a large amount of renewables installed. In the dynamic pricing scenario, the design with a gas boiler focusing on having a building fabric with high thermal and air tightness performance (case study 5) remained the cost optimal solution in addition to the design with a CHP and focusing on having a building fabric with high thermal and air tightness performance (case study 7)
By accounting for increasing efficiency to the electricity grid, the two case studies with heat pumps as their main heating source were the two optimum designs in terms of life cycle energy, but second and third worst designs in terms of life cycle cost ( Figure 10 ). The case study designed with a gas fired CHP unit and a large installation of renewables (case study 3) was the worst design in terms of life cycle energy. Accounting for both increasing energy costs and varying discount rates, the building designed with gas as the main heating system and a large amount of renewables installed (case study 1) and to be super-insulated (cased study 5) remained the best solutions in terms of PAV and EAC.
Sustainability Index Factor
Accounting for increasing energy prices, increasing electricity grid efficiency and grid decarbonisation, the SIF of the eight case studies are given in Table 7 . The case study with the lowest SIF was case study 6. Based on the 
32
cost optimal methodology, case 5 and 7 were the best solutions. However, when using the SIF, which considered only one more category for evaluating the optimal solution, case study 5 is the 3 rd best design and case study 7 is the 5 th best design.
The super-insulated designs outperformed each of its renewable energy focused counterparts in terms of their respective SIF when increasing energy prices and increased electricity grid efficiency and decarbonisation was taken into account. Based on the three categories evaluated, buildings in a temperate oceanic climate (such as Ireland), should be designed to be super-insulated with minimum heating requirements and operate with heating systems that have a low impact on the natural environment, such as a biomass boiler or heat pump. 
Conclusions
One of the main requirements brought by the EU in the Energy Performance of Buildings Directive (EPBD) [4] was the introduction of nearly zero energy buildings (NZEB). A NZEB is a building with a very high energy performance. Starting from the end of 2020, all new buildings or those receiving significant retrofit must show a very high energy performance [4] . 
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The objective of this paper was to determine (for buildings in a temperate oceanic climate, such as Ireland) if it is better to design a NZEB to be a super-insulated building with minimum heating requirements, or to provide less insulation but install a large amount of renewable energy sources. The case studies involved in the analysis were assessed using two different methodologies to determine the best solutions. The first was the comparative framework methodology which is mandatory in all EU member states for calculating cost optimal levels of minimum energy performance requirements for buildings and building elements [39] . The second was a methodology termed the Sustainability Index Factor (SIF) that incorporates the commonly known three pillars of sustainability: environmental, social and economic. In the analyses of both methods, account was taken for varying discount rates, future de-carbonisation and improved efficiency of the electricity grid and future energy prices.
Based on the SIF methodology using static energy prices and electricity grid efficiency, NZEB buildings with a focus on renewable technology outperformed their super-insulated design counterparts. Assuming future electricity, gas and wood pellet energy prices would increase with an annual growth rate of 3.27%, 2.62% and 3.79%, respectively, in addition to an annual reduction rate of 4.2% and 2.3% in the GWP intensity and primary energy factor, both the cost optimal energy performance and SIF methodologies showed the super-insulated designs outperformed their renewable energy focused counterparts.
This was primarily due to the improved efficiency and decarbonisation of the electricity grid, and resulted in the energy and GWP savings associated with the MCPV installed on the buildings minimising overtime. This suggests that buildings should not be designed to be the exporters of electrical energy, in order to compensate for the use of other forms of energy during their operational phase. The results found that more focus should be placed on (i) minimising the space heating requirements through a building envelope with high thermal and air tightness performance and (ii) covering the remaining energy demand, to a very significant extent, by renewable sources that compensate for buildings' specific energy source during their operational phase.
However, the cost optimal energy performance and SIF results showed different optimum design solutions. The cost optimal results suggested that the super-insulated buildings with a gas boiler (case study 5) and with a CHP (case study 7) were the cost optimal designs. The SIF results showed the super-insulated buildings with a biomass boiler (case study 6) and a heat pump (case study 8) to have the lowest SIF due to evaluating another category in its assessment, GWP. There is a need for a more robust assessment methodology for evaluating the sustainability of residential buildings, rather than relying on the cost optimal level based on energy performance. There are [42] , LiderA [42] , SBTool [42] and HQE [42] . However, there is a need for a framework to develop a tool for assessing the sustainability of a building using common categories for cross comparison in EU countries. However, further categories could be included for the sustainability evaluation depending on the specific circumstances of the building itself. The SIF methodology used in this paper, can be used for assessing the SIF impact of a set of buildings which are representative of a countries national building stock for a number of economic, social and environmental categories.
The hierarchy of the life cycle cost results were dependent on the assumptions made with regards to the annual increase of energy costs. However, predicting future energy prices was difficult due to numerous variables that impacted those prices. For instance, a report from the Sustainable Energy Authority of Ireland had predicted a range of scenarios for the trade price of wood pellets across the EU from 2010 to 2030 [85] . From 2010 to 2015, the average EU annual growth rate had been predicted to fall by 4.61% annually. However, in reality, the average annual price of wood pellets in Ireland increased at a growth rate of 5.68% annually for the same period [52] . This shows the cost of gas and wood pellets to be 32% and 25% that of electricity. If the difference in these prices was to reduce overtime, heat pumps would become a more cost effective solution, given their high efficiencies.
The SIF results showed the super-insulated building with a biomass boiler (case study 6) to have the lowest SIF. This is despite the biomass boiler having the lowest operational efficiency (82.7%) of the four heating systems employed.
Based on the three categories evaluated (life cycle cost, life cycle energy and life cycle GWP) using the SIF methodology and accounting for increasing energy prices and increasing electricity grid efficiency, heating systems that have a low impact on the natural environment, such as a biomass boiler or heat pump, should be installed in NZEB buildings in Ireland. If the difference between the price of electricity per kWh in comparison to the price of gas and wood pellets per kWh can be reduced and more efficient biomass boilers are installed in and embodied carbon or GWP (EC) as a dominant construction design variable) is vividly noticeable as buildings move towards the NZEB standard. The life cycle EE and EC ranged from 30% to 33% and from 41% to 100%, respectively, for the eight case studies presented in this article (assuming static GWP intensity and primary energy factors for the lifespan of the case study buildings). Accounting for grid decarbonisation and increased efficiency, the life cycle EE and EC ranged from 27% to 44% and from 43% to 100%, respectively, for the eight case studies presented. Thus, the importance of a designer's role in sustainably selecting appropriate 'green' materials is highly stressed.
In summary, the results of this research suggest that:
 For designing a residential semi-detached NZEB, more focus should be placed on (i) minimising the space heating requirements through a building envelope with high thermal and air tightness performance, and (ii) covering the remaining energy demand, to a very significant extent, by renewable sources that compensate for buildings' specific energy source during their operational phase.
 Based on the three categories evaluated (life cycle cost, life cycle energy and life cycle GWP) using the SIF methodology and accounting for increasing energy prices and increasing electricity grid efficiency, heating systems that have a low impact on the natural environment, such as a biomass boiler or heat pump, should be installed in NZEB buildings in Ireland.
 There is a need for a more robust assessment methodology for evaluating the sustainability of a residential building, rather than relying on the cost optimal level based on energy performance. The SIF methodology used in this paper, can be used for assessing the SIF impact of a set of buildings which are representative of a countries national building stock for a number of economic, social and environmental categories.
 The embodied energy and embodied carbon of a residential NZEB, which consider the impacts associated with the materials production of building's life cycle, can account for up to 44% and 100% of its life Please cite: Moran, P., Goggins 
